Suppressed parasympathetic nervous system (PSNS) function has been found in a variety of cardiovascular diseases, such as hypertension, heart failure, and diabetes. However, whether impaired PSNS function plays a significant role in ventricular dysfunction remains to be investigated. Cardiac regulation by the PSNS is primarily mediated by the M 2 muscarinic acetylcholine receptor (M 2-AChR). In this study, we tested the hypothesis that lack of M 2-AChR-mediated PSNS function may adversely impact cardiac ventricular function. Using M 2-AChR knockout (KO) and wild-type (WT) mice, we found that the basal levels of heart rate and left ventricular function were similar in M 2-AChR KO and WT mice. A bolus injection of isoproterenol (Iso) induced a greater increase in heart rate in M 2-AChR KO mice than in WT mice. However, the responses of change in pressure over time (dP/dt) to Iso were similar in the two groups. After chronic infusion with Iso for 1 wk, the baseline values of left ventricular function were increased to similar extents in M 2-AChR KO and WT mice. However, the M2-AChR KO mice exhibited impaired ventricular function, indicated as attenuated dP/dt and increased end-diastolic pressure, during an increase in cardiac afterload induced by a bolus injection of phenylephrine. Furthermore, chronic Iso infusion significantly increased matrix metalloproteinase (MMP) activity in the heart in M 2-AChR KO mice. In primary culture of mixed neonatal rat cardiac fibroblast and cardiomyocytes, cotreatment with muscarinic agonist bethanechol reversed phenylephrine-induced increase in MMP-9 activation. These data suggest that M 2-AChR may mediate an inhibitory regulation on MMP function. The overall results from this study suggest that M 2-AChRmediated PSNS function may provide cardiac protection. Lack of this protective mechanism will increase the susceptibility of the heart to cardiac stresses. muscarinic; cardiac; contractility; matrix metalloproteinase; isoproterenol CARDIAC FUNCTION IS REGULATED by the two major branches of the autonomic nervous system: the sympathetic (SNS) and the parasympathetic nervous systems (PSNS). The balanced interaction between SNS and PSNS maintains normal cardiac function and hemodynamic homeostasis. Imbalanced SNS and PSNS activities are one of the common hallmarks in a variety of cardiovascular diseases, including hypertension (29, 35), congestive heart failure (CHF) (12, 31), and diabetes (16). A substantial body of evidence indicates that sustained and excessive sympathoexcitation is associated with cardiac hypertrophy (47), fibrosis (3), and cardiomyocyte death (13) during the progression of CHF. It has also been found that suppressed PSNS function commonly exists in a variety of cardiovascular diseases, including CHF (24), hypertension (15, 35), obesity (7), and diabetes (16). However, in contrast to the extensive studies on the SNS in cardiac dysfunction, the role of PSNS function in cardiac pathophysiology has received much less attention. Clinical studies have indicated that impaired PSNS function is related to poor outcome and high mortality of patients with CHF (33). Conversely, augmentation of PSNS activity by pharmacological regimens (34, 43) or stimulation of the vagus (36, 61) improved cardiac function and decreased mortality in CHF, suggesting a beneficial effect of the PSNS in CHF. However, the mechanisms of the impact of impaired PSNS function on cardiac function and PSNS cardioprotection remain to be addressed.
trophy (47) , fibrosis (3) , and cardiomyocyte death (13) during the progression of CHF. It has also been found that suppressed PSNS function commonly exists in a variety of cardiovascular diseases, including CHF (24) , hypertension (15, 35) , obesity (7) , and diabetes (16) . However, in contrast to the extensive studies on the SNS in cardiac dysfunction, the role of PSNS function in cardiac pathophysiology has received much less attention. Clinical studies have indicated that impaired PSNS function is related to poor outcome and high mortality of patients with CHF (33) . Conversely, augmentation of PSNS activity by pharmacological regimens (34, 43) or stimulation of the vagus (36, 61) improved cardiac function and decreased mortality in CHF, suggesting a beneficial effect of the PSNS in CHF. However, the mechanisms of the impact of impaired PSNS function on cardiac function and PSNS cardioprotection remain to be addressed.
It is well known that activation of the PSNS decreases heart rate (negative chronotropic effect) and cardiac conductivity (negative dromotropic effect). Therefore, suppressed PSNS function in cardiovascular diseases was believed to lead to tachycardia and arrhythmia, thus contributing to mortality in these cardiovascular diseases. Recently, studies indicate that PSNS action also affects ventricular function through indirect (by counteracting ␤-adrenergic action) (27, 28) or direct (by inhibiting L-type calcium channel) (41) mechanisms. However, whether this PSNS effect on ventricular function plays a significant role in physiological and pathophysiological states remains unclear.
PSNS control of the heart is primarily mediated by the M 2 muscarinic acetylcholine receptor (M 2 -AChR) (9, 18) . M 2 -AChR belongs to the superfamily of G protein-coupled receptors. Upon stimulation, M 2 -AChR activates heterotrimeric G proteins of the G i/o family. G␣ i/o elicits an inhibitory effect on adenylyl cyclase, thus counteracting cAMP-PKA-dependent signaling pathways (58) . G␣ i/o also directly increases potassium channel activity, resulting in hyperpolarization of sinoatrial node and atrioventricular node (51) . Additionally, G protein ␤␥ subunits can directly activate the muscarinic-gated potassium channel (38) and play a role for parasympathetic heart rate control (23) . Recent studies also indicate that PSNS activity, via stimulation of M 2 -AChR, can inhibit L-type calcium channel and, consequently, reduce contractility of ventricular myocytes (41, 52) . The lack of specific M 2 -AChR agonists and antagonists has been an obstacle for detailed investigations of the physiological role of the M 2 -AChR signal in ventricular physiology and pathophysiology. Recently, mutant mice deficient in the M 2 -AChR gene [M 2 -AChR knockout (KO) mice] (26, 57) have emerged as a powerful new tool for the study of cardiac function. In this study, we used M 2 -AChR KO mice to test the effect of a lack of M 2 -AChR on ventricular function. We hypothesize that lack of M 2 -AChR-mediated PSNS action may elicit adverse effects on cardiac ventricular function.
METHODS

Animals. Homozygous M2-AChR KO mice (M 2
Ϫ/Ϫ , genetic background: 129J1 ϫ CF1) were generated as described previously (26, 57) . Male mice aged 2-3 mo were used in this study. Age-matched male wild-type (WT) mice of the same genetic background were used as controls. Mice were maintained on commercially available normal mouse chow (Harlan) and tap water in an environment with a 12:12-h light-dark cycle and ambient temperature (22°C). All experimental procedures in the present study were approved by Institutional Animal Care and Use Committee of the University of South Dakota, and all of the procedures were in accordance with the Guide for the Care and Use of Laboratory Animals [National Institutes of Health (NIH)].
Measurement of left ventricular function. The mice were anesthetized with inactin (100 -150 mg/kg) plus a low rate of isoflurane inhalation (1%). The trachea was intubated and connected to a rodent ventilator (Harvard) to maintain constant breathing. The left ventricle was catheterized with Millar pressure-volume (P-V) catheter (Millar, Houston, TX) through the right common carotid artery. In addition, the left common jugular vein was isolated and cannulated to facilitate intravenous injections of test substances. The animals were allowed recovery from the surgery for 20 min. Then left ventricular function Fig. 1 . Representative recordings of parasympathetic nervous system (PSNS)-dependent negative chronotropic responses. A: PSNS component of the baroreflex. A bolus injection of phenylephrine (PE) induced a rapid increase in arterial blood pressure (aBP) that triggered a drop of heart rate (HR) in wildtype (WT) mice (left). This response was absent in M2 muscarinic acetylcholine receptor (M2-AChR) knockout (KO) mice (right). B: muscarinic agonist-induced bradycardia. A bolus injection of the muscarinic receptor agonist bethanechol (Beth; 0.15 mg/kg) induced a rapid decrease in HR in WT mice (left) but not in M2-AChR KO mice (right). This test was repeated in 3 M2-AChR and 3 WT mice. LVP, left ventricular pressure; dP/dt, change in pressure over time; bpm, beats/min. Values are means Ϯ SE; n ϭ 6 for each group. The parameters were assessed in untreated M2 receptor knockout (KO) and wild-type (WT) mice under anesthesia. HR, heart rate; SBP, systolic arterial blodd pressure; EF, ejection fraction; dP/dtmax and dP/dtmin, maximum and minimum change in pressure over time; , time constant of ventricular relaxation; EDLVP, enddiastolic left ventricular pressure.
[heart rate, left ventricular volume and pressure, and change in pressure over time (dP/dt)] was measured by the P-V catheter, and the data were recorded using the PowerLab data-acquisition system (ADIstruments). The major parameters of cardiac function were calculated and analyzed using Millar P-V software (PVAN, Millar). The left ventricular functions were recorded at rest (baseline) and in response to intravenous injection of the ␤-adrenergic agonist isoproterenol (Iso; 14 -56 ng/kg) or the ␣-adrenergic agonist phenylephrine (PE; 56 g/kg). The responses to the drugs were evaluated as peak change values from the baselines, i.e., change (⌬) in value ϭ peak response Ϫ baseline. minipumps were recovered, and the remaining drug volume was measured to validate success of the infusion. Primary culture of neonatal cardiac cells. One-to three-day-old neonatal Sprague-Dawley rat pups were decapitated, and left ventricular tissues were obtained. The tissues were chopped into small pieces and digested using trypsin and then collagenase, respectively. The mixed fibroblast cells and cardiomyocytes were cultured in six-well plates in Dulbecco's modification of Eagle's medium containing 10% fetal bovine serum (FBS) and penicillin (100 U/ml) and streptomycin (100 g/ml) (Cambrex Bio Science, Walkersville, MD). Before the drug treatments, the media was changed to FBS-free Dulbecco's modification of Eagle's medium containing penicillin-streptomycin, and the cells were cultured for 24 h. The cells were then treated with PE (10 M) in the presence or absence of the muscarinic cholinergic agonist bethanechol (Beth) (10 M) for 24 h. After washes with PBS, the cells were collected using scrapers. Following centrifugation, the cell pellets were suspended into 50 l RIPA buffer for protein extraction.
Gelatin zymography to measure matrix metalloproteinase activity. For animal tissues, frozen left ventricles of the different groups were dissected and homogenized in RIPA buffer on ice. For cultured cells, the collected cell pellets were suspended into 50 l RIPA buffer and homogenized on ice. After centrifugation, the protein concentration of the extract was determined using the bicinchoninic acid assay kit (Pierce). Gelatin zymography was carried out, as described in literature (25) with some minor changes. Briefly, 10% polyacrylamide SDS gels containing 1% gelatin were prepared and allowed to polymerize overnight at 4°C. Equal amounts of protein were loaded on the gels. After being run at 80 mA for 1-1.5 h, the gels were washed in 2.5% Triton X-100 wash solution twice, 30 min each time, to remove SDS to allow renaturation of proteins. Gels were then incubated in a solution containing 10 mM (1.47 g/l) CaCl 2, 50 mM (6.057 g/l) Tris-acetic acid, pH 7.5, plus 10 l 10 mM ZnCl overnight (18 -20 h) at 37°C. Gels were then stained for 1 h in a solution containing 0.2% Coomassie brilliant blue R-250, 10% acetic acid, 30% methanol, followed by a destaining twice, for 1.5 h each, in 10% acetic acid, 10% methanol solution. Matrix metalloproteinase (MMP) activity was evident as clear, unstained bands within the gel. Gels were scanned, and the intensities (gray values) of the bands were quantified using NIH Image J software.
Western blots. Protein samples of heart tissues were subjected to standard Western blot procedures, as described previously (37) . The primary antibodies against extracellular-regulated kinase (ERK) 1/2 and phosphorylated ERK1/2 (Cell Signaling) were diluted in Aquablock buffer (EastCoast Bio, 1:500). Fluorescence-conjugated secondary antibodies (Invitrogen) were used, and the fluorescent signals were scanned and quantified using a LI-COR imaging system. The ratio of phosphorylated ERK1/2 vs. total ERK1/2 was used as an index of ERK1/2 activation.
RT-PCR to assess tissue inhibitor of MMP-1 and -2 expression.
Total RNA was extracted from dissected left ventricular tissues or cultured cells using TRI Reagent (Molecular Research Center). The same amount of the total RNA from each sample was subjected to reverse transcription for 50 min at 37°C in the presence of 1.5 M of random hexamers (Amersham) and 100 units of Moloney murine leukemia virus-RTase. PCR was conducted with 30 cycles of 95°C for 15 s, 60°C for 1 min. PCR primers for tissue inhibitors of MMP (TIMP) 1 and TIMP2 were as follows: TIMP1, forward primer, CATGGAAAGCCTCTGTGGATATG; reverse primer, AAGCTG-CAGGCACTGATGTG; TIMP2, forward primer, CCAGAAGAA-GAGCCTGAACC; reverse primer, GTCCATCCAGAGGCACT-CATC. The PCR products were fractionated in a 1% agarose gel. The bands were visualized via UV light after 0.5 g/ml ethidium bromide staining. The intensities (gray value) of the bands were quantified using NIH Image J software.
Statistical analysis. All measured values in each group were expressed as means Ϯ SE. Baseline values of cardiac parameters between M 2-AChR KO and WT groups were compared using unpaired Student's test. Responses to the treatments were compared using two-factor ANOVA followed by Student-Newman Keuls test. Statistically significant differences were accepted when P Ͻ 0.05.
RESULTS
Baseline cardiac function. In untreated animals, there was no statistically significant difference in baselines of blood pressure and major parameters of ventricular function between M 2 -AChR KO and WT mice (Table 1) . Nevertheless, maximum dP/dt and minimum dP/dt showed trends toward reduction in M 2 -AChR KO mice compared with WT mice. Surprisingly, basal heart rate was similar in M 2 -AChR KO and WT mice. A possible explanation for the absence of tachycardia in M 2 -AChR KO mice may be that tonic PSNS inhibition of the heart rate is low in mice, and, therefore, deletion of M 2 -AChR does not significantly affect baseline of heart rate.
Previous work has shown that muscarinic effects on heart rate were abolished in M 2 -AChR KO mice (21) . To confirm these findings, we injected animals with the cholinergic muscarinic agonist Beth (0.15 mg/kg iv), or triggered the baroreflex by rapidly increasing blood pressure using a bolus injection of PE (56 g/kg iv). As seen in Fig. 1 , muscarinic stimulation and baroreflex stimulation induced bradycardic responses in WT mice. These responses were absent in M 2 -AChR KO mice, confirming that PSNS control of heart rate was abolished in M 2 -AChR KO mice. Values are means Ϯ SE; n ϭ 5 for all of the groups. The parameters were assessed in anesthetized M2-acetylcholine receptor KO and WT mice following 1-wk infusion with isoproterenol or saline. Body weights are given at the start and end of the experiments. *P Ͻ 0.05 vs. saline control groups.
Cardiac responses to Iso injection. Acute stimulation of ␤-adrenergic receptors with Iso injection dose-dependently increased heart rate and ϮdP/dt in both M 2 -AChR KO and WT mice. The heart rate response to Iso was significantly increased in M 2 -AChR KO mice compared with that in WT mice (Fig. 2B) , indicating that the ␤-adrenergic receptormediated positive chronotropic effect was enhanced in the absence of cardiac PSNS activity. Surprisingly, however, Isoinduced increases in ϮdP/dt in M 2 -AChR KO mice were not significantly greater compared with those in WT mice (Fig. 2,  C and D) .
Effect of chronic infusion of Iso on cardiac function.
To test whether heart function becomes more susceptible to cardiac stress in the absence of PSNS activity, the M 2 -AChR KO and WT mice were given a chronic infusion of Iso (10 mg ⅐kg Ϫ1 ⅐day Ϫ1 ) or saline for 1 wk. After the chronic Iso infusion, cardiac function was evaluated under anesthesia using a Millar P-V catheter. Basal levels of heart rate and ϩdP/dt were significantly increased in both M 2 -AChR KO and WT mice after the chronic Iso infusion compared with the saline controls. However, there was no significant difference between the M 2 -AChR KO and WT groups (Table 2 ). Other major hemodynamic parameters showed no significant difference among the various groups ( Table 2 ). The Iso infusion caused increases in the ratio of heart weight vs. body weight in M 2 -AChR KO and WT mice to a similar extent (Fig. 3) .
We then tested the responses of ventricular function to an increase in afterload. The systolic blood pressure was transiently increased to 150 -160 mmHg by a bolus injection of PE (56 g/kg iv) in both M 2 -AChR KO and WT mice after the 1-wk chronic infusion with Iso or saline. As seen in Figs. 4 and 5, in response to the increased afterload, contractile function was increased in WT-Iso mice as well as in saline-infused mice, as indicated by the increased ϮdP/dt. However, this response was significantly attenuated in M 2 -AChR KO mice with Iso infusion (Fig. 4, A and B, and Fig.  5, A and B) . Furthermore, during increased afterload, the elevation of end-diastolic pressure was significantly greater in M 2 -AChR KO mice with Iso infusion than that in WT mice with Iso infusion (Fig. 5C ). These results indicate that M 2 -AChR KO mice, despite normal baseline cardiac func- Fig. 3 . The ratio of heart weight (HW; mg) vs. body weight (BW; g). Values are means Ϯ SE; n ϭ 7 or 8. *P Ͻ 0.05 compared with the M2-AChR KO saline group. #P Ͻ 0.05 compared with the WT saline group. There was no significance between M2-AChR KO Iso and WT Iso groups. tion, exhibit impaired cardiac function after chronic Iso infusion.
Alterations of MMP activity and TIMP expression in the heart and cultured cardiac cells. The MMPs are responsible for the degradation and turnover of extracellular matrix (ECM) and affect cell-cell adhesion (4). Recent studies indicated that increased MMP activity was associated with impaired cardiac dysfunction in hypertension (1) and heart failure (39). In rats, chronic Iso infusion increased MMP activity that was responsible for cardiac hypertrophy (40) . Therefore, we further determined the MMP activity in left ventricular tissues from infused mice using gelatin-zymography. The activities of both MMP-9 and MMP-2 were significantly increased in M 2 -AChR KO mice with Iso infusion, compared with WT mice with Iso infusion and WT and M 2 -AChR KO mice with saline infusion (Fig. 6) .
MMP activity is controlled by the endogenous TIMPs. We, therefore, determined the expression of TIMP1 and TIMP2, the two major TIMP types in the heart, using RT-PCR. As shown in Fig. 7 , TIMP1 mRNA levels were significantly decreased in M 2 -AChR KO mice after Iso infusion compared with the WT-Iso and saline groups. TIMP2 expression, however, was not significantly different among the groups. These data suggest that increased MMP activity seen in the M 2 -AChR KO-Iso group may be due to downregulation of TIMP1 expression.
Overall, these data suggest a possibility that M 2 -AChR may mediate an inhibitory effect on MMP function and TIMP1 expression. We then further tested this possibility using primary cultured neonatal cardiac fibroblast and cardiomyocyte mixture. As shown in Fig. 8 , treatment with adrenergic agonist PE increased MMP-9 activity in the cultured cells. Cotreatment with muscarinic agonist Beth abolished the PE-induced increase in MMP-9 activity. RT-PCR results showed that PE treatment inhibited the gene expression of TIMP1 but not TIMP2. Cotreatment with Beth reversed this PE inhibition of TIMP1 expression. Mirroring the in vivo study, these in vitro results further suggest that M 2 -AChR signaling pathway mediates an inhibitory effect on MMP function. Phosphorylation of ERK1/2 in the heart. ERK1/2 is involved in cardiac hypertrophy and remodeling (6, 56) . It was also reported that ERK1/2 promoted MMP expression and activation in cardiac fibroblasts (48, 59) . Therefore, we attempted to determine whether ERK activation was altered in M 2 -AChR KO mice. Western blot showed that the levels of phosphorylation of ERK1/2 were at comparable low levels in both M 2 -AChR KO-saline and WT-saline groups. Iso infusion increased ERK1/2 phosphorylation in WT mice. Surprisingly, Iso infusion did not increase the ERK1/2 phosphorylation in M 2 -AChR KO mice (Fig. 9) . This result suggests ERK1/2 is not involved in increase of MMP activity in M 2 -AChR KO mice induced by Iso infusion. How M 2 -AChR deficiency leads to blunted ERK1/2 activation is unclear at this time.
DISCUSSION
In this study, we tested the effects of M 2 -AChR deficiency on cardiac function. Our data indicate that 1) baseline cardiac function remains normal in the mice lacking M 2 -AChR; 2) after 1 wk of chronic Iso infusion, M 2 -AChR KO mice exhibited impaired ventricular contractile function in response to increased afterload; and 3) the chronic Iso infusion significantly increased MMP activity in the heart in M 2 -AChR KO mice. Overall, these data suggest that M 2 -AChR deficiency results in an increased susceptibility of ventricular function to stresses. These results support our hypothesis that M 2 -AChRmediated PSNS action may play a protective role in cardiac ventricular function.
Using M 2 -AChR KO mice, we attempted to specifically evaluate the effect of M 2 -AChR on ventricular function. M 2 - AChR is the dominant receptor in the heart and mediates PSNS negative chronotropic and dromotropic effects (18) . Increasing evidence suggests that M 2 -AChR signaling may also have a significant effect on ventricular function via both an indirect (i.e., counteraction of ␤-adrenergic receptor) (27, 28 ) and a direct mechanism (i.e., inhibition of L-type calcium channel activity) (41) . A study in humans indicated that stimulation of M 2 -AChR significantly reduced Iso-induced inotropic effect, while blockade of M 2 -AChR using atropine did not significantly augment this inotropic effect (54) . This result suggests that PSNS cholinergic function exerts little tonic effect on ventricular function, but can potentially affect ventricular contractility when the sympathetic drive increases. Consistent with the above report, we found that M 2 -AChR deficiency affects neither baseline ventricular contractility nor the contractile response to Iso. However, after chronic ␤-adrenergic stimulation, the M 2 -AChR KO mice exhibited impaired ventricular function. This result suggests that, in addition to the effect on the heart rate, M 2 -AChR-mediated PSNS activity also counteracts sympathetic adrenergic action on ventricular function. This ventricular effect of the PSNS can effectively protect against ventricular damage and remodeling during sympathoexcitation that exists in many cardiovascular diseases. The impaired ventricular function found in M 2 -AChR KO mice was evidently not secondary to changes in heart rate, because M 2 -AChR KO and WT mice showed no significant differences in heart rate after Iso infusion. Instead, the results suggest that the impaired ventricular function in M 2 -AChR KO mice after the chronic Iso infusion may be a direct consequence of altered cholinergic and adrenergic interaction in the ventricle.
The direct mechanism underlying the impaired ventricular function in M 2 -AChR KO mice after Iso infusion is not clear at this time. In this study, we found that chronic infusion of Iso significantly increased the activity of MMP-2 and MMP-9 in M 2 -AChR KO mice compared with WT mice. The link between cardiac dysfunction and increased MMP activity found in M 2 -AChR KO mice needs further study. However, there are increasing data suggesting that increased MMP activity may contribute to ventricular dysfunction. For example, elevated MMP activity was associated with ventricular dysfunction in patients with hypertension (1) and heart failure (39, 60) . In an animal study, it was found that acute cardiac ischemia-reperfusion increased MMP-2 production, whereas inhibition of MMP activity improved the recovery of mechanical function during reperfusion (11) . In a transgenic model, overexpression of MMP-2 in the heart resulted in impaired ventricular contractility (55) . These studies demonstrated that altered MMP activity was a causal factor for cardiac dysfunction. In the heart, cardiomyocytes are surrounded and supported by an appropriately structured ECM (5, 14) . The normal structural interaction between cardiomyocytes and ECM provides a basis for normal cardiomyocyte contraction (5, 8) . Excessive MMP activity may cause loss of normal collagen components and disruption of ECM and cardiomyocyte connection (14) . Thus we reason that the observed increased MMP activity in the heart of M 2 -AChR KO mice after Iso infusion may be responsible for the impaired cardiac contractility.
In M 2 -AChR KO mice, Iso infusion induced a more robust increase in MMP activity, suggesting that M 2 -AChR may mediate inhibitory effects on MMP function. To further test this possibility, we carried out an in vitro experiment using primary culture of mixed cardiac fibroblasts and cardiomyocytes. The results showed that cotreatment with the muscarinic agonist, Beth, reversed the increase in MMP activity induced by the adrenergic agonist PE. These data confirm a cholinergic inhibitory effect on MMP regulation. This effect may be one of the mechanisms underlying PSNS-mediated cardiac protection. In M 2 -AChR KO mice, lack of this protective mechanism results in an excessive MMP activation during cardiac stress, which, in turn, causes interruption of ECM-cardiomyocyte interactions and thus leads to cardiac dysfunction.
Some studies have indicated that MAP kinase ERK1/2 positively regulates MMP expression and activation in cardiac fibroblasts (48, 59) . However, in our study, Iso infusioninduced increase of ERK1/2 phosphorylation, as seen in WT mice, was actually abolished in M 2 -AChR KO mice. This result suggests that ERK1/2 does not mediate the increase in MMP activity in M 2 -AChR KO mice with Iso infusion. This result is consistent with some other studies that indicated that ERK1/2 elicited inhibitory effects on MMP expression and activation (10, 20) . Therefore, it is possible that Iso infusioninduced increase of ERK1/2 activation is a compensatory response that may inhibit MMP activation. Accordingly, the blunted ERK1/2 activation in M 2 -AChR KO mice may contribute to the robust MMP activation observed after Iso infusion. However, more studies are needed to address this question.
The findings in this study may have important clinical implications. Suppressed PSNS function has been commonly found in a variety of cardiovascular diseases, including hypertension (29, 35) , myocardial infarction (17, 19) , and heart failure (31, 44, 53) . The role of impaired PSNS activity in the development of these diseases remains to be studied. It is generally accepted that reduced PSNS control of the heart may cause tachycardia and increase the risk of arrhythmia and sudden death in the diseased heart (34, 44) . The results from the present study further suggest that suppression of PSNS function in cardiac disease may also have direct adverse effects on ventricular structure and function. Without the important PSNS cardiac protection, the heart becomes more susceptible to stress and prone to development of ventricular dysfunction. Thus restoration of impaired PSNS function should be a rational therapeutic approach to preserve and improve ventricular function in these cardiovascular diseases.
It should be pointed out that mice have a very low basal parasympathetic tone. We have observed that blockade of muscarinic receptors by atropine does not increase heart rate in mice (data not shown). This observation may explain why the basal heart rate in M 2 -AChR mice is not significantly increased. However, as shown in Fig. 1A , in WT mice, a rapid increase in blood pressure induced a PSNS-mediated bradycardic response (baroreflex), indicating the potential PSNS control of the heart in mice. This PSNS may provide effective protection to the heart during stress. Consistent with this notion, the baroreflex bradycardic response was abolished in the M 2 -AChR KO mice (Fig. 1A) . Therefore, M 2 -AChR KO mice represent a very valuable tool for the study of PSNS effects on the heart.
In humans, there is tonic PSNS control of the heart. Thus the human heart may rely more on PSNS protection and be more sensitive to loss of this protection. Therefore, the suppression of PSNS function commonly found in heart failure and hypertension may contribute to the progression of ventricular dysfunction in these diseases. Notably, impaired PSNS function and ventricular dysfunction also coexist in many other different states, such as aging (46, 49) , obesity (2, 45), diabetes (22, 42) , and the transplanted heart (32, 50) . In all of these conditions, a gradually developing ventricular dysfunction is a common complication, even without major myocardial injury and hemodynamic stress. Based on our findings that suggest a cardiac protective role of PSNS function, we hypothesize that loss of PSNS protection may be an important contributor to the development of ventricular dysfunction found in these states. Therefore, preservation and restoration of PSNS function may be a common strategy to prevent and improve ventricular dysfunction in different pathophysiological conditions.
We would also like to raise several caveats. First, in the present study, we only monitored the effects of the short-term (1 wk) Iso infusion. Whether longer infusion can cause more significant cardiac dysfunction needs to be tested in future experiments. Second, in this initial study, only the maximal and minimal dP/dt and end-diastolic pressure of the left ventricle were measured as indexes of cardiac function. The influences of cardiac load and heart rate on dP/dt have been previously studied and discussed (30) . The impact of M 2 -AChR deficiency on ventricular function might be more robustly revealed by using load-independent parameters, such as end-systolic and diastolic pressure-volume relationships and maximal left ventricular elastance (E max ). Third, it is possible that other not yet identified factors contribute to the contractile dysfunction found in M 2 -AChR KO mice. Of particular importance is whether the calcium handling function is altered in M 2 -AChR KO mice before or after Iso infusion. Fourth, systemic effects of the global M 2 -AChR deficiency cannot be completely excluded. However, this and previous studies (21) have confirmed that baseline hemodynamic and cardiac parameters are normal in M 2 -AChR KO mice. Therefore, it is unlikely that the cardiac phenotype of the M 2 -AChR KO mice described in the present study is due to altered hemodynamics. The data from our in vitro studies further suggest a direct effect of muscarinic cholinergic signaling pathway on the cardiac cells. Certainly, this possibility needs to be further confirmed using cardiac cells from WT and M 2 -AChR mice. Furthermore, our in vitro work used mixed cardiac cells. This is a limitation in terms of identifying the cellular component targeted by the cholinergic regulation. Nevertheless, it suggests possible interaction between fibroblasts and myocytes in the response to cholinergic stimulation. Future studies will be important to further define whether PSNS cholinergic signaling can directly act on cardiac fibroblasts, or, through myocyte-fibroblast communication, to regulate ECM metabolism.
In summary, in this study, we found for the first time that mice lacking M 2 -AChR retain normal baseline cardiac function, but develop impaired ventricular contractility after chronic ␤-adrenergic stimulation. These data suggest that M 2 -AChR-mediated PSNS control of the heart may play a protective role in ventricular function against cardiac stresses. Further investigation of underlying mechanisms of this PSNS cholinergic cardioprotection may suggest new avenues for prevention and treatment of cardiac diseases.
